Electronic structure, electron-phonon coupling 
and superconductivity of isotypic 
noncentrosymmetric crystals Li2Pd3B and 

LisPtgB 

S. K. Bose and E. S. Zijlstra 

Physics Department, Brock University, St. Catharines, Ontario, Canada L2S 3A1 



Abstract 

Electronic structure of recently discovered isotypic ternary borides Li2Pd3B and 
Li2Pt3B, with noncentrosymmetric crystal structures, is studied with a view to 
understanding their superconducting properties. Estimates of the Fermi-surface av- 
eraged electron-phonon matrix element and Hopfield parameter are obtained in the 
rigid ion approximation of Gaspari and Gyorffy [Phys. Rev. Lett. 28 (1972) 801]. 
The contribution of the lithium atoms to the electron-phonon coupling is found to 
be negligible, while both boron and palladium atoms contribute equally strongly to 
the Hopfield parameter. There is a significant transfer of charge from lithium, almost 
the entire valence charge, to the B-Pd(Pt) complex. The electronic structure and 
superconducting properties of Li2Pd3B, thus, can be understood from the viewpoint 
of the compound being composed of a connected array of B-Pd tetrahedra decou- 
pled from the backbone of Li atoms, which are connected by relatively short bonds. 
Our results suggest that conventional s-wave electron-phonon interaction without 
explicit consideration of SO coupling can explain qualitatively the observed in 
Li2Pd3B. However, such an approach is likely to fail to describe superconductivity 
in Li2Pt3B. 
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1 Introduction 



The recently synthesized isotypic metal-rich ternary borides Li2Pd3B and 
Li2Pt3B [1] , with noncentrosymmetric crystal structures, have received consid- 
erable attention because of their STiperconducting properties [2,3,5,4,6,7]. The 
superconducting transition temperature Tc of Li2Pd3B is about 8 K, while 
its isotypic Pt-based counterpart Li2Pt3B shows a between 2 and 3 K [8]. 
Badica and co-workers [8] have been able to synthesize a series of pseudo- 
binary solid solutions Li2B(Pdi_a;Pta;)3 with x varying from to 1 and they 
report having observed superconductivity in the entire x-range. Tc decreases 
monotonically from ~ 8 K as a; increases from 0, dropping to 2.2-2.8 K for 
X — 1. The electronic structure of the two end compounds of the solid solu- 
tion Li2Pd3B and Li2Pt3B have been discussed by Chandra and co-workers 
[4]. Sardar and Sa [5] have used a three-dimensional single band t-J model to 
discuss the superconductivity of Li2Pd3B, pointing out that the superconduc- 
tivity in this compound arises from the Pd -id electrons, and thus should be 
dominated by the strong correlation effects of narrow band Pd Ad electrons. 
The importance of the correlation effects of the Ad electrons for the supercon- 
ducting properties of Li2Pd3B and Li2Pt3B was also mentioned by Chandra et 
al. [4] . On the other hand, Yokoya et al. [7] report excellent agreement between 
their x-ray photoemission results for the valence band spectrum and standard 
band structure calculations, which can describe only weakly correlated ma- 
terials. They conclude that the correlation effects play a negligible role for 
the physical properties of this superconductor, and that superconductivity in 
this material arises from the Pd Ad electrons hybridized with B 2p and Li 2p 
electrons. Absence of strong correlation effects in Li2Pd3B is also indicated in 
the ^^B NMR measurements in this compound by Nishiyama eA, al. [6]. Since 
the Pd(Pt) bands are almost full [4], the correlation effects are not expected 
to be strong. The purpose of the present work is to examine the two isotypic 
superconductors Li2Pd3B and Li2Pt3B from the viewpoint of electron-phonon 
coupling and conventional (s-wave) superconductivity, without explicit con- 
sideration of electron correlation effects and spin-orbit (SO) coupling. To this 
end, we use the rigid muffin-tin approach of Gaspari and Gyorffy [9] imple- 
mented within the linear muffin-tin orbital (LMTO) method [10] by Glotzel 
et al. [11] and later by Skriver and Mertig [12]. 

The present paper is organized as follows. In section 2 we discuss the electronic 
structure, charge transfer and bonding in the two compounds. In section 3 
we discuss the electron-phonon coupling. In particular we provide estimates 
of the Fermi-surface averaged electron-phonon matrix elements (Hopfield pa- 
rameters), and electron-phonon coupling constants. Our results indicate that 
conventional electron-phonon coupling, without consideration of SO effects, 
can describe the observed superconductivity in Li2Pd3B, but not in Li2Pt3B. 
There is some similarity in the superconducting properties of Li2Pt3B and 
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Fig. 1. Unit cell of LisPdsB. 

another recently discovered noncentrosymmetric crystal CePtsSi with strong 
SO coupling [13]. This is discussed in section 3. In section 4 we present our 
conclusions. 



2 Electronic Structure 



The electronic structures of the two ternary borides Li2Pd3B and Li2Pt3B, 
which crystallize in the P4332 structure (space group no. 212) with 4 formula 
units per unit cell [1], were calculated with the LMTO [10] method using the 
atomic sphere approximation (ASA). The lattice constants used were 12.762 
and 12.765 for Li2Pd3B and Li2Pt3B, respectively. The positions of the 
atoms were taken to be the same as given by Eibenstein and Jung [1] and 
used in the electronic structure calculation of Chandra et al. [4]. The atomic 
structure is shown in Fig. 1. The shortest bonds are between Pd and B (4.0 Oq) 
and Li and Li (4.8 Oq). Each B atom is connected to six Pd atoms, and each 
Pd atom has two B nearest neighbors. The structure of the Pd and B atoms 
can be described as a network of connected PdsB tetrahedra [4]. To show 
this, in Fig. 1 we have also drawn bonds for the shortest Pd-Pd distances (5.3 
ao), which are however longer than some of the Pd-Li distances (5.2 oq, not 
shown). The three-fold coordinated Li atoms form their own network (Fig. 
1). Because the Li-Li distances are 16% smaller than in bcc Li [5], it has 
been anticipated [5] that the Li atoms transfer their 2s electrons entirely to 
the Pd and B atoms. The valence charge density of Li2Pd3B [Fig. 2(b), the 
total charge density is presented in Fig. 2(a)], shows indeed that there is very 
little electronic valence charge present near the Li atoms. To see the effect 
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Fig. 3. Difference of the valence charge density of Li2Pd3B and a superposition of 
atomic valence charge densities. 

of bonding it is often useful to subtract the atomic valence charge densities 
from the total valence charge density. The result is shown in Fig. 3. Again 
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Table 1 

Partial / and atom resolved densities of states, including both spins, at the Fermi 
energy in states / Ry for 24 atom unit cells of Li2Pd3B and Li2Pt3B. The numbers 
shown are for 12 Pd(Pt), 8 Li and 4 B atoms. The total Fermi level DOS, niEp), 
is 102.75 states / Ry / cell for Li2Pd3B and 107.8 states/Ry/cell for Li2Pt3B. 



compound 


atom 


Us 


rip 


rid 


n/ 


Li2Pd3B 


Pd 


7.132 


18.54 


40.12 


1.162 




Li 


6.000 


11.53 


2.566 


0.481 




B 


0.887 


12.92 


1.084 


0.333 


Li2Pt3B 


Pt 


7.499 


17.38 


50.47 


1.980 




Li 


3.284 


6.791 


2.586 


0.709 




B 


0.837 


14.89 


1.093 


0.361 



it is clear that the network of Li atoms is depleted of charge. In addition, a 

strong increase in the charge density is found between the B and Pd atoms, 
which indicates covalent bonding. The increase in charge density between the 
Pd atoms is less pronounced, suggesting that B-Pd bonds are stronger than 
Pd-Pd bonds. 

We have carried out the LMTO calculation without empty spheres (which a 
more rigorous calculation would have required) using the spdf basis and with 
the /-orbitals downfolded. Even though our results are not the best possible 
results within the LMTO-ASA scheme, a comparison with more rigorous full- 
potential linear augmented plane waves plus local orbitals (FP-LAPW+lo) 
results presented by Chandra et al. [4] shows that our results are of acceptable 
accuracy. The densities of states shown in Fig. 4 agree very well with the results 
of Chandra et al. [4] . The agreement of our calculated densities of states with 
another set of FP-LAPW results of Yokoya et al. [7] is also very good. In Fig. 
4 among the various partial densities of states, only the Pd(Pt)-d and B-p 
densities of states are shown, since these have the largest values at the Fermi 
level and as a result electron-phonon interaction is dominated by Pd(Pt) d-f 
and B p-d scattering (section 3). Note that the density of states per atom 
is almost the same for Pd-d (3.34 States/(Ry atom)) and B-p states (3.23 
States/(Ry atom)) in Li2Pd3B. In Li2Pt3B these numbers corresponding to 
Pt-o? and B-p states are 4.2 States/(Ry atom) and 3.72 States/(Ry atom), 
respectively. 

The main features of our LMTO calculations that are used in estimating 
the electron-phonon matrix elements in section 3 are the atom and orbital 
resolved densities of states, listed in Table 1. In addition, the potentials at 
the sphere boundaries and LMTO potential parameters calculated with the 
LMTO reference energies set at the Fermi energy also enter the expression for 
the electron-phonon matrix elements, as discussed in section 3. 
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Energy — Ep (eV) 

Fig. 4. Densities of states of (a) Li2Pd3B and (b) Li2Pt3B (thick solid curves). 
Partial Pd and Ft-d (thin curves, shadings) and B-p (dotted curves) densities of 
states are also shown. 

3 Electron-phonon coupling and superconductivity 



According to McMillan's strong coupling theory [14] the electron-phonon cou- 
pling constant Xe-ph for a one-component system, i.e elemental solid, can be 
written as 

n{E^){P) 

where M is the atomic mass, (cj^) is the renormalized phonon frequency, 
squared and averaged according to the prescriptions in Ref. [14], n{Ep) is 
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the density of states for one type of spin at the Fermi energy Ep, and (J^) 
is the square of the clcctron-phonon matrix element averaged over the Fermi 
surface. Gaspari and Gyorffy [9] constructed a theory to calculate the quantity 
(P) on the assumption that the additional scattering of an electron caused 
by the displacement of an atom (ion) is dominated by the change in the local 
potential. Within the rigid muffin-tin approximation used by Gaspari and Gy- 
orffy [9] the spherically averaged part of the Hopfield parameter rj — n{EF){I^) 
can be written as (in atomic Rydberg units) 

, = 2„(E,)i:((+l)M,%.^^. (2) 
where /; is a relative partial state density, 

and M; is the electron-phonon matrix element obtained from the gradi- 
ent of the potential and the radial solutions Ri and Ri+i of the Schrodinger 
equation evaluated at the Fermi energy. Gaspari and Gyorffy [9] derived an 
expression for M; j+i using the rigid muffin-tin approximation in terms of par- 
tial wave phase shifts. Glotzel et al. [11] and Skriver and Mertig [12], using the 
LMTO [10] method, expressed this quantity in terms of the logarithm deriva- 
tive Di[Ef) of the radial solution at the sphere boundary, with the reference 
energy E^, set at the Fermi energy Ep'. 

Mi,i+i = -(t)i{EF)(t)i+i{EF){ [Di{Ef) - I] [Di+i{Ef) + 1 + 2] 

+ [Ef-V{S)]S'}, (4) 

where S is the sphere radius, V{S) is the one-electron potential and (f)i{EF) 
the sphere-boundary amplitude of the / partial wave evaluated at the Fermi 
level. 

The extension of the Gaspari and Gyorffy scheme [9] to alloys has been dis- 
cussed by several authors [15,16,17,18,19,20,21]. To obtain an estimate of the 
Hopfield parameter and gain some insight into electron-phonon coupling in 
the two isotypic compounds of interest, in this paper we adopt the following 
simplified approach. Since (/^), in the rigid muffin-tin or rigid atomic sphere 
approximation, is an atomic quantity, it can be calculated for each atom in 
the alloy using the formula given by Skriver and Mertig [12], by considering 
atom-resolved partial densities of states. For atom A 

(/^)=2B( + l)M,W„,^^, (5) 

where //^ = "^^^Fp) ■ there are Na atoms of type A in the unit cell, then 
u^Ef) = J2a,i ^A^f {Ef) and the Hopfield parameter rj can be estimated from 
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Table 2 

Bulk modulus B in GPa, Debye temperature in K, atom-resolved and total 

Hopfield parameters given by Eqs. (5) and (6) in eV / for LiaPdsB and LiaPtaB. 

r? denotes the total Hopfield parameter. 



compound 


B 


npd 


m 


rtLi 




LisPdaB 


166 371 


1.30 


1.10 


0.19 


2.59 


LiaPtsB 


196 303 


2.67 


3.69 


0.08 


6.44 



r, = Y.r,A = n{E^)Y.NA{ll) , (6) 

A A 

an expression, which is independent of the size of the unit cell chosen. This 

expression ignores possible contributions from cross-terms involving more than 
one atom. The quantities M"^^ ^^^-j-j can be calculated from the sphere-boundary 
potentials and the LMTO-ASA potential parameters evaluated with the ref- 
erence energies set equal to the Fermi energy. 

The values for the total and partial densities of states for LiaPdaB and LiaPtaB 
are shown in Table 1. In Table 2 the atom- resolved and the total Hopfield 
parameters, rjA and r], obtained by using Eqs. (5) and (6) are listed. We also 
list the calculated bulk moduli of the two compounds, which can be used to 
obtain estimates of the Debye temperatures and average phonon frequencies 
for these solids. The analysis of the electron-phonon coupling and critical 
temperatures in the two compounds is based on the quantities listed in Tables 
1 and 2. 

3.1 LiaPd^B 

For LiaPdaB the Hopfield parameter calculated according to Eqs. (5) and (6) 
is 2.59 eV / A^. Note that the boron contribution is only 15% less than the 
palladium contribution. Most dominant contributions come from Pd d-f (0.98 
eV / A^) and B p-d (0.65 eV / A^) scattering. Although double in number 
than the B atoms, all Li atoms together contribute only 7% to the Hopfield 
parameter r]. 95% of the contribution of the Li atoms is from the s—p channel. 

A few comments regarding the decomposition of the Hopfield parameter into 
atom- resolved parts and various partial wave channels in an alloy are in order. 
Because certain potential parameters depend on the ratio s/W (or (s/iy)^^"*"^), 
where s is the sphere radius for the atom and W is the average Wigner-Seitz ra- 
dius of the alloy, the atom-resolved parameters may differ for different choices 
of the sphere radii, all chosen within the allowable sphere overlaps. The total 
Hopfield parameter is expected to be independent of the choice of the sphere 
radii, if these are chosen to keep the ASA errors as small as possible, but the 



8 



partial-wave resolved parameters (i.e, s-p, p-d etc.) are dependent on the ratio 
s/W. Ideally, the LMTO calculation for the two solids Li2Pd3B and Li2Pt3B 
should have been carried out with empty spheres in order to reduce ASA er- 
rors. This would have given an improved value of the total Hopfield parameter, 
including contributions from both atomic and empty spheres. Despite some 
ASA errors present in our results, we expect the trends revealed by them to 
be correct. 

In the simplest approximation, assuming isotropic electron-phonon coupling, 
one can attempt to estimate Xe-ph from r) using Eq. (1), assuming that M is 
the concentration average of the mass of the component atoms in the alloy 

and uj is the average phonon frequency for the alloy. To estimate the average 
phonon frequency we use the prescription of Moruzzi, Janak and Schwarz [23], 
relating the Debye temperature Qd to the bulk modulus, atomic mass and the 
average Wigner-Seitz radius: 

e- = «-63\/^, (7) 

where tq is the average Wigner-Seitz radius in atomic units, B is the bulk 
modulus in kbar and M is the atomic mass. Although Moruzzi et al. [23] 
verified the validity of this expression for elemental metallic solids, we assume 
its validity for the alloy by considering M to be the concentration average 
of the masses of the component atoms. Prom the LMTO calculation of total 
energy versus volume we find the bulk modulus B of Li2Pd3B to be 166 GPa, 
a value consistent with the bulk moduli of elemental solids Pd {B = 180.8 
GPa), B {B = 178 GPa) and Li {B = 11.6 GPa) [24]. Using 166 GPa for 
B in the above equation we find ©d = 371 K. Using the empirical estimate 
\JJoJ^ — 0.69©^:) [12] yields an average phonon frequency of 5.3 THz. The use 
of Eq. (1) then yields Xe-ph = 0.39i^ ~ {)AK. a value not large enough to 
explain the observed superconductivity of Li2Pd3B at ~ 8 K. This could have 
been foreseen from the small value, 2.59 cV / A^, of 7] itself. The value of 7] for 
niobium, which has a comparable of 9 K, is in the range 5. 4-7.6 eV / A2 
[22]. However, in view of the uncertainties, not only in the frequency value, 
but the validity of Eq. (1) itself, this value of X^-ph cannot be expected to be 
more than a coarse approximation. It is known that even for one-component 
systems the rigid muffin-tin approximation usually gives values of the Hopfield 
parameter that are lower than those obtained via more rigorous calculations of 
the electron-phonon interaction (see Table II. in Ref. [25]). For the solids under 
consideration with a large number of optical phonon branches, the extent 
of underestimation is probably more severe. What is learnt from the above 
rigid muffin-tin (or atomic sphere) calculation is that the contribution to the 
electron phonon coupling from both boron and palladium should be equally 
important, and that from the lithium atoms should be negligible. 
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Following the prescription of Gomersall and Gyorffy [15,16] one could try to 
analyse the electron-phonon coupling by writing 



K-ph — Apd + Xb 



VPd , Vb 



(8) 



where the subscripts Pd and B refer to atom-resolved quantities. This decom- 
position is based on the large difference between the Pd and B masses, and 
assumes that Li atoms do not contribute significantly to the electron-phonon 
coupling, as supported by the LMTO results. The heavy palladium atom vi- 
bration is assumed to couple to the electrons through zone boundary acoustic 
phonons and the lighter boron atom vibration is assumed to couple to electrons 
via the optical modes. It is reasonable to assume that in the acoustic modes 
only the palladium atoms vibrate, and in the optical modes only the lighter 
boron atoms vibrate. Instead of guessing the average phonon frequencies in 
the above equation, we can estimate the ratio Ap^/As by assuming that the 
average optical phonon frequency is, to take an example, 2.5 times higher than 
the average zone boundary acoustic phonon frequency. With the values of rjpd 
and r]B quoted in Table 2, we then find Xpd = 0.75Ab, i.e. if the above scenario 
holds, then the boron contribution to the electron-phonon couphng is larger 
than the Pd contribution. For Ap^ to be equal to or greater than A^, in this 
scenario, the average optical phonon frequency needs to be about 2.9 times or 
higher than the average zone boundary acoustic phonon frequency. From the 
consideration of the linear specific heat coefficient [26], Lee and Pickett [27] 
have obtained Xe-ph = 0.74. With Ap^ = 0.75Ab, this would yield Ap^ = 0.32 
and Xb — 0.42. Note that the value Ap^ = 0.32 is not unreasonable, as a full- 
potential LMTO linear response calculation by Savrasov and Savrasov [28] 
yields Ap^^ = 0.35 in elemental fee Pd. Incidentally, the use of the McMillan 
expression [29]: 



with the Coulomb pseudopotential ji* chosen to be 0.1, as it is often done, 
Qd = 371 K (Table 2), and X^-pu = 0.74 yields ~ 12 K. 

The above discussion points out that a description based on conventional (s- 
wave, spin singlet Cooper pairs) electron-phonon interaction should be appli- 
cable to Li2Pd3B. Of course a more rigorous calculation of the electron-phonon 
interaction is needed. Such a calculation is likely to reveal negligible coupling 
of lithium atom vibrations to the electron states at the Fermi level, while the 
vibrations of the palladium and boron atoms should couple strongly. 

According to Yuan et al. [30] temperature dependence of the penetration depth 
in Li2Pd3B could be fit by a two-gap BCS model with a small (3.2 K) and 
a large (11.5 K) gap. Thus the claim is that Li2Pd3B is a two-gap BCS su- 
perconductor just hke MgB2 [31,32,33]. The Fermi surface plots presented by 



1.45 



exp 
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Chandra et al. [4] show a Fermi surface with several sheets: a central large 
sheet and several smaller ones originating from the four bands crossing the 
Fermi level. A two or multi band superconductivity is thus conceivable in this 
material just as in MgB2 with two distinct sheets in the Fermi surface [34,35]. 
However, Tc may still be dominated by a single band [36], particularly in the 
absence of strong interband scattering. 



3.2 Li^Pt^B and the importance of SO coupling 

The inadequacy of the above approach to describe the electron-phonon cou- 
pling in Li2Pt3B becomes clear from the much larger value of the Hopfield 
parameter obtained for this compound and listed in Table 2. Note that the 
unusually large contribution from boron is partly due to larger difference be- 
tween the boron sphere radius s and the average Wigner-Seitz radius W. A 
calculation including empty spheres to reduce ASA errors would have changed 
the numbers in Table 2 somewhat, without changing the results qualitatively. 
Even with the reduced value of B^i = 303i^ (Table 2), the much larger value 
of 77 would yield a value for \e-ph larger than that for Li2Pd3B, implying a T^. 
that is actually higher than in Li2Pt3B. This is in clear contradiction to the 
experimental observation that decreases monotonically as the Pt concen- 
tration increases from zero to unity 

The most serious drawback of the above analysis is the neglect of SO coupling, 
which is more pronounced in Li2Pt3B than in Li2Pd3B. SO coupling, in the 
absence of the center of inversion symmetry in these two compounds, can 
result in substantial splittings of the spin degenerate bands considered in this 
work. In a recent submission, Lee and Pickett [27] discuss SO coupled bands 
in both compounds: splitting of the spin degenerate bands is found to be as 
large as 30 meV and 200 meV at the Fermi level in Li2Pd3B and Li2Pt3B, 
respectively. The SO splitting of 30 meV or 348 K in Li2Pd3B is less than the 
estimated Debye temperature 371 K, the cut-off energy of the electron-phonon 
interaction. In Li2Pt3B the SO splitting is 200 meV or 2321 K, an order of 
magnitude larger than the estimated Debye temperature 303 K. It is clear 
that SO couphng would strongly alter the symmetry of the Cooper pairs, and 
the nature of the superconducting state in Li2Pt3B [13,37,38,39]. 

Yuan et al. [30] have claimed evidence of line of nodes in the energy gap in 
Li2Pt3B. Such a line of zeros in the energy gap is also seen in CePt3Si [40], an- 
other noncentrosymmetric crystal with strong SO splitting of the spin degener- 
ate bands [13]. The existence of the line of nodes is not a symmetry-imposed re- 
quirement and remains to be explained for both Li2Pt3B and CePt3Si. CePt3Si 
is a heavy fermion superconductor (Tg = 0.75 K), so the mechanism of the 
pair formation is unclear. Li2Pt3B is most probably an electron-phonon super- 
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conductor, where the electron-phonon couphng needs to be determined from 
the SO coupled electron wavefunctions and is expected to differ strongly from 
that determined from the spin degenerate wavefunctions. 



4 Conclusions 



The results presented in this work are not rigorous, and should only be used 
as a guide to understand the relative strengths of couphng of the vibration 
of the different atoms to the electron states at the Fermi level. Based on 
these results, a description of superconductivity assuming conventional s-wave 
electron-phonon coupling and via a single electron-phonon coupling parame- 
ter appears possible in Li2Pd3B. The inclusion of SO coupling in the calcu- 
lation of electron-phonon interaction should lead to improvement in results. 
For Li2Pt3B the SO effects are an order of magnitude stronger and do need 
to be included in the calculation of the electron-phonon interaction in order 
to explain the lower T(. in this compound. 

The trends and the conclusions reached for Li2Pd3B in this work should be 
tested via rigorous calculation of the phonon frequencies and electron-phonon 
interaction. This is particularly important in view of the large number of 
phonon branches in this material. The results of this paper indicate that only 
the modes where the boron and the palladium atoms vibrate should couple to 
the electrons. The electron-phonon coupling should be equally strong for the 
modes where essentially the Pd atoms or the B atoms vibrate. According to 
our analysis the modes involving the vibrations of the Li atoms should show 
negligible coupling to electron states at the Fermi level. This is also suggested 
by our finding that almost the entire valence charge of lithium is transferred 
to the Pd-B complex (section 2). Recent work of Lee and Pickett [27] also 
supports this conclusion. First principles linear response calculations of the 
phonons and electron-phonon coupling to verify the results of the present 
work are currently in progress. 

Due to the strong SO coupling in Li2Pt3B the properties of the supercon- 
ducting state is expected to deviate strongly from that described by spin- 
degenerate wavefunctions [13,37,38,39]. However, superconductivity should 
still be of the electron-phonon type (possibly also spin-singlet type, as sug- 
gested by Lee and Pickett [27]). The experimental result that Tc decreases 
monotonically in solid solutions Li2B(Pdi_a;Pta;)3 as the Pt concentration in- 
creases from zero to 1 indicates that the mechanism of electron pair formation 
remains unchanged, i.e. of the electron-phonon type. 
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